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GaN films with thicknesses up to 3 mm were grown in two custom-made halide vapor phase
epitaxy (HVPE) reactors. V-shaped defects (pits) with densities from 1 cm−2 to 100 cm−2 were
found on the surfaces of the films. Origins of pit formation and the process of pit overgrowth
were studied by analyzing the kinematics of pit evolution. Two mechanisms of pit overgrowth were
observed. Pits can be overgrown intentionally by varying growth parameters to increase the growth
rate of pit facets. Pits can overgrow spontaneously if a fast-growing facet nucleates at their bottom
under constant growth conditions.
I. INTRODUCTION
The lack of widely available native substrates is an
important problem of the GaN industry. Halide vapor
phase epitaxy (HVPE) is a common method for produc-
ing thick GaN films, suitable for making GaN substrates.
A typical problem in HVPE growth is the formation of
V-shaped defects or pits on the film surface during the
growth. Their pits appear to be inverted pyramids or
cones. Their size varies from nanometers [1] to several
millimeters in thick layers [2]. Generally, pits should not
be formed, as they reduce the effective area of the sub-
strate. However, intentionally produced pits can be used
as a dislocation sink to reduce dislocation density [3]. In
this work, the GaN films grown in a custom-made HVPE
reactor were studied in order to understand why do pits
form, how do growth parameters affect the pit shape and
how do pits overgrow.
II. EXPERIMENTAL PROCEDURE
GaN films were grown in two custom-made vertical
HVPE reactors with resistive heating. The multi-wafer
6x2” reactor was optimized for films with thicknesses
from 10 µm to 400 µm. The other reactor optimized for
long growth processes was employed to grow GaN boules
with a millimeter range thickness and a diameter of 3”.
The operating conditions used were similar in both re-
actors. Sapphire substrates with 〈0001〉 orientation were
used. The substrate surface was nitridated in an am-
monia atmosphere at 1060 ◦C. Then, a low-temperature
buffer GaN layer was deposited at 600 ◦C and a total
pressure of 250 Torr. The thickness of this layer was
about 1 µm. Subsequently, the main growth process was
performed at a reactor pressure of 800 Torr in a tempera-
ture range of 990 ◦C – 1150 ◦C. Nitrogen was employed as
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Figure 1. Surface morphologies of GaN films grown in
High Temperature (HT) and Low Temperature (LT) modes:
(a) Micrograph of a film grown in HT mode. (b) Cleavage of
a HT film crossing a pit. (c) Focused ion beam image of a
film grown in LT mode. (d) Cleavage of a LT film crossing a
pit.
a carrier gas. The source gases used were GaCl and NH3.
To grow thick crack-free films with a smooth surface, the
two-stage growth process [4, 5] was applied.
Optically polished cross-sections of the films were pre-
pared to observe the pits. Samples were cut using a dia-
mond disk saw. The cut was made as near as possible to
the investigated pits. Then, the samples were lapped and
polished to make the surface of the cut optically smooth.
Diamond grits with sizes of 60 µm and 7 µm were used
for coarse and fine lapping processes, respectively. Pol-
ishing was conducted on a felt pad with a 1 µm diamond
grit.
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III. PIT FORMATION AND EVOLUTION
A series of 50 films with thicknesses from 30 µm to
100 µm were grown at different temperatures and growth
rates. Two growth modes with different surface mor-
phologies were observed. These modes will be further re-
ferred to as high temperature (HT) and low temperature
(LT) modes. The detailed descriptions of these growth
modes and the transition between them is given in [6].
The films grown in the HT mode had a smooth sur-
face (Fig. 1(a)). The average roughness measured by
AFM was 20 nm over the area of 50 × 50µm2. A net-
work of buried cracks could be observed inside such films,
indicating relatively high growth stress.
The average density of pits was about 1 cm−2. Pits
were hexagonal, with an opening angle of 63 degrees that
corresponds to the 〈1122〉 plane (Fig. 1(b)).
The films grown in the LT mode had a rough surface
covered by pits and hillocks (Fig. 1(c)). The opening an-
gle of pits was in the range of 80-100 degrees (Fig. 1(d)).
The pits were conical and were composed of 〈1102〉 and
〈1123〉 facets. The pits were distributed evenly and oc-
cupied a large part of the film surface. The films were
typically crack free.
Combining LT and HT growth modes in a two-stage
process allowed us to grow crack-free films with thick-
nesses up to 3 mm. The growth was performed in the
1x3” reactor. The first stage was performed in the LT
mode to promote low growth stress. The thickness of
the material deposited during the first stage ranged from
50 µm to 200 µm. The second stage was performed in
the HT mode. During the second stage, the bulk mate-
rial was grown. More than 30 GaN films with thicknesses
from 2 mm to 3 mm were grown. All the films had pits
with densities from 1 cm−2 to 100 cm−2, limiting their
application as a substrate. To find when and why these
pits were formed, the history of the pits was investigated
in every particular film.
The films with pits were investigated to determine the
origin of pit formation. The cross-sections of the films
were prepared near the pits. A study of these cross-
sections showed that each pit leaves a visible trace during
growth. An example of such a trace is shown in Fig. 2(a).
The material of the trace has a higher impurity con-
centration that affects optical and electrical properties.
Such a trace can also be studied by photoluminescence,
cathodoluminescence [7], and selective etching [8] mea-
surements. A study of pit traces allows us to determine
the history of pits from the moment of their formation.
A. Origins of the pit formation
It was found that pits were formed for various reasons.
The mechanism that prevailed depended on growth pa-
rameters, the condition of the substrate surface, and the
reactor design.
Figure 2. Typical origins of pit formation in HT mode: (a) A
pit formed over an area of foreign contamination (side view).
(b) Pits formed over a network-shaped SiO2 mask (top view).
(c) Pits formed over cracks (side view).
1. Substrate defects and contamination
Pits develop on a film at early stages of its growth
when the substrate contains defects. A common source
of such defects is bad polishing. The pits, in this case,
decorate the scratches on the substrate surface.
A dielectric mask can be considered as an artificial
defect of the substrate. A film grown on a substrate with
a SiO2 mask is shown in Fig. 2(b). The mask consisted of
circles, arranged in a rectangular grid with dimensions of
400×400 µm. The diameter of the circles was 50 µm. The
distance between the centers of the circles was 100 µm.
Pits were formed over each circle, repeating the mask
pattern.
2. Foreign particle
A common source of foreign particles in an HVPE re-
actor is a polycrystalline deposit in reactor parts. The
particles of this deposit detach from the place they were
grown and fall on the growing crystal. An example of a
pit formed over a foreign particle is presented in Fig. 2(a).
The highest pit density was observed under reactor parts
with the heaviest parasitic deposition. Optimization of
gas flow in a reactor can greatly reduce parasitic depo-
sition even at long growth processes and thus prevent
foreign particle formation.
3. Cracks
Cracks form in GaN layers during growth as a con-
sequence of tensile growth stress [5, 9]. Pits were often
found to decorate the cracks, penetrating the surface of
the GaN film. The pits formed over a network of cracks
are presented in Fig. 2(c).
Cracks can also serve as a source of gallium droplets,
which in turn induce pit formation. GaN decomposition
begins at crack faces during long growth processes. If a
crack is not overgrown before a notable decomposition
occurs, liquid gallium infiltrates the surface, where it re-
acts with ammonia and forms polycrystalline GaN.
Crack formation could be inhibited by using the LT
growth mode or the two-stage growth process. Another
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Figure 3. Pit overgrowth process caused by changes in growth
parameters. (a) A schematic of the pit overgrowth process
caused by the transition from LT mode to HT mode. (b) A
photoluminescence micrograph of a film grown in two stages.
The numerous pits formed during LT-mode growth were si-
multaneously overgrown when growth was switched to HT
conditions.
approach to prevent cracking was to grow spatially dis-
continuous layers, in which crystal geometry reduces the
mechanical stress of any origin [10].
B. Overgrowth of pits
A study of traces of overgrown pits, buried inside the
films, allowed us to identify two mechanisms of over-
growth.
The first mechanism occurs during the two-stage pro-
cess when the growth conditions are switched from the
LT mode to the HT mode. This results in an increase
in the growth rate of pit facets, vpit, and the overgrowth
of pits formed during the first stage. The pit shape re-
mains constant during this process, and growth parame-
ters should be changed to alter the growth rate of pit
facets. The schematic of this process is presented in
Fig. 3(a).
The second mechanism of overgrowth occurs sponta-
neously under constant growth conditions. In contrast
to the first mechanism, overgrowth begins after a sponta-
neous change in pit shape, while growth rates of different
facets remain unchanged. The stages of this mechanism
could be clearly seen on the cross sections of thick films
containing pits (Fig. 4). The process of overgrowth be-
gins with the nucleation of fast facets at the bottom of
a pit. The area occupied by these facets increases until
they fill the pit and then the pit overgrows.
IV. ANALYSIS
The origins of pit formation observed in the present
work can be generalized as “imperfections that locally
Figure 4. Stages of a spontaneous pit overgrowth process:
(a) A pit formed by slow facets. This pit increased in size
during growth. (b) A pit with fast-growing facets developed at
the bottom. (c) The whole pit was covered by fast facets and
overgrown. (d) Schematic of spontaneous overgrowth process.
Figure 5. (a) Schematic of the pit formation over the imper-
fection area with reduced growth rate. (b) A pit facet with
a sluggish adsorption kinetics adjoins with plane 〈0001〉 with
rapid kinetics. The surface diffusion flux Jd carries adsorbed
species to the pit facet, increasing its growth rate.
reduce growth rate”. The origins of pit formation de-
scribed in the literature, such as dislocations [1] and in-
version domains [11], also fit this generalization.
Pits also develop as a result of an incomplete coales-
cence of a spatially discontinuous film [7]. In this case,
the surface is initially jagged and pits form as a result of
crystal habit evolution.
The schematic representation of pit formation due to
local growth rate reduction is presented in Fig. 5(a). The
growth process proceeds normally everywhere except the
defective area, which leads to a depression in the growth
front. By the time the defective area is completely over-
grown, a faceted pit has formed.
Further evolution of the pit depends on the relationship
between the growth rate of the 〈0001〉 plane, vc, and the
growth rate of facets composing the pit, vpit. If vpit is
high as compared with vc, the pit will likely overgrow,
since fast facets tend to vanish as growth proceeds [12].
To obtain a quantitative relationship, consider the
pit on the 〈0001〉 plane at two consecutive moments of
growth (Fig. 6(a)). During the period δt = t2 − t1, the
3
Vladislav Voronenkov et al 2013 Jpn. J. Appl. Phys. 52 08JE14
Figure 6. (a) Schematic of a pit on a plane 〈0001〉 at two
consecutive moments of growth. (b) Micrograph of a pit on
a plane 〈0001〉. The shape of the pit and the pit trace can
be seen. (c) Schematic of two arbitrary adjacent facets at
two consecutive moments of growth. (d) Micrograph of a
spontaneously overgrowing pit. Two adjacent facets and the
trace of their joint can be seen.
〈0001〉 plane advances to the distance of vcδt, while the
pit plane advances to vpitδt. The angle of the pit trace,
β, is considered to be positive if the pit size increases
with growth, and negative otherwise. It can be shown
that
vpit
vc
= (tanα− tanβ) cosα. (1)
The pit will overgrow if
vpit > vc sinα. (2)
If Eq. 2 holds for all possible pit planes, the plane 〈0001〉
is morphologically stable.
The growth rate of a facet depends on two material
fluxes: the flux of adsorption from the gas phase Jad
and the surface diffusion flux from the adjacent facets Jd
(Fig. 5(b)). If the size of the facet, x, is much greater than
the average length of surface diffusion, lD, the growth
rate of the facet is governed solely by adsorption kinet-
ics. The adsorption kinetics, in turn, depends on the
orientation of the facet, the density of steps on it, and
other factors, such as contamination by impurities [13].
If x is less or comparable to lD, the diffusion flux may
be comparable to or exceed the condensation flux, thus
altering the growth rate of the facet [14, 15]. Surface
diffusion tends to equalize the surface concentration of
adsorbed species, thus increasing the growth rate of small
facets with sluggish condensation kinetics. Therefore, the
pit will likely overgrow if the size of the defective region
is smaller than lD.
Kinematic considerations similar to Eq. 1 can be ap-
plied to analyze the process of spontaneous pit over-
growth (Figs. 6(c) and 6(d)). This process occurs when
a fast-growing facet with angle α1 appears at the bottom
of the pit composed of planes with angle α2. The area
occupied by fast facets will increase or decrease accord-
ing to the relationship between v1 and v2 and the angles
of fast and slow facets (α1 and α2, respectively):
tanβ =
v2 sinα1 − v1 sinα2
v2 cosα1 − v1 cosα2 . (3)
Facet 1 will increase in size during growth if
v1 sinα2 > v2 sinα1. (4)
If at the same time v1 > vc sinα1, plane 1 will overrun
plane 2 and fill the pit and after that pit will overgrow.
V. CONCLUSIONS
Pits appear on a surface of a growing film owing to any
defect that locally reduces growth rate. The shape and
density of pits depend on the growth mode. Pit density
is high in the LT mode and can be reduced to nearly
zero in the HT mode. This can be explained by a higher
surface diffusion in the HT mode.
Two mechanisms of pit overgrowth were observed. Pits
can be overgrown intentionally when growth parameters
are varied during growth so that the growth rate of pit
facets increases and the criterion of overgrowth (Eq. 2)
becomes valid.
A pit overgrows spontaneously if a fast-growing facet
nucleates on its bottom. This process occurs under con-
stant growth conditions.
The formation of pits in the HT mode during long
growth processes is induced by large-scale defects, such
as foreign particles and cracks. Careful tuning of the re-
actor design and growth recipe allows us to inhibit the
formation of such defects and grow thick GaN films with-
out pits.
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